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It i s  a p l e a s u r e  t o  speak t o  you t h i s  evening on t h e  
g e n e r a l  s u b j e c t  of t h e  a p p l i c a t i o n  of n u c l e a r  power f o r  t h e  
propuls ion  of a i r c r a f t .  T h i s  i s  a s u b j e c t  t h a t  I t h i n k  needs 
t o  be d i scussed  and one i n  which p rogres s  i n  t h e  f i e l d  has  
perhaps been slowed by l a c k  of d i s c u s s i o n .  

I n t e r e s t  i n  t h e  s u b j e c t  a r i s e s  from i t s  importance t o  t h e  
f u t u r e  development of high performance a i r c r a f t ,  and can per-  
haps bes t  be h igh - l igh ted  i f  I b r i n g  aga in  t o  your a t t e n t i o n  
r e s u l t s  t ha t  I presented  i n  t h e  Wright Bro the r s  Lec ture  of 
1948, These  r e s u l t s  a r e  shown i n  t h e  f i r s t  f i g u r e  ( f i g u r e  1) 
on which t h e  f l i g h t  range of a i r p l a n e s  i s  p l o t t e d  a g a i n s t  
a i r  speedo  The curve shown i s  an envelope of t h e  range 
performance f o r  optimum combinations of engines  and a i r c r a f t  
t h a t  are  flown a t  t h e i r  bes t  speeds and a l t i t u d e s .  A t  t h e  
lower speeds shown on t h e  s l i d e  t h e  envelope curve was de- 
veloped by drawing t a n g e n t s  t o  t h e  performance curves  of 
a i r c r a f t  equipped w i t h  p r o p e l l e r s ,  Whereas, i n  t he  h i g h e r  
a i r  speed range a t  t r a n s o n i c  and supersonic  speeds t angen t s  
were drawn t o  t h e  performance curves  obta ined  w i t h  j e t  
engines  e 

These  r e s u l t s  were obtained by a n a l y s i s  of many engine-  
airframe combinations and t h e  c a l c u l a t i o n s  a t t e n d i n g  t h e  
a n a l y s i s  i n c l u d e  many ques t ionab le  assumptions r e g a r d i n g  
va lues  of engine weights ,  a i r c r a f t  weights ,  and va lues  of 
t h e  aerodynamic e f f i c i e n c y o  No de fense  of p a r t i c u l a r  va lues  
o r  assumptions t h a t  are  inc luded  was o f f e r e d  and t h i s  ques t ion -  
ab le  n a t u r e  i s  i n d i c a t e d  by t h e  w i d t h  of t h e  performance l i n e  
drawn on t h e  f i g u r e .  Recent r e c a l c u l a t i o n s  show t h a t  t h e  
r e s u l t s  presented  on t h e  f i g u r e  i n  1948 are  s t i l l  g e n e r a l l y  
v a l i d  

I n  my o r i g i n a l  d i s c u s s i o n  of t h e  r e s u l t s  I s a i d  t h e  
curve does a c c u r a t e l y  d i s c l o s e  t h a t  t he  u l t i m a t e  range i s  
s h a r p l y  reduced as t h e  a i r c r a f t  speed i s  inc reased  up through 
t h e  t ransonic-speed  r eg ion ,  a f t e r  which t h e  range dec reases  
a t  a s lower r a t e ,  Large i n c r e a s e s  i n  propuls ion-system 
performance above those  assumed i n  p repa r ing  t h e  c h a r t  a r e  
n o t  t o o  l i k e l y  f o r  engines  burn ing  e i t h e r  convent iona l  
petroleum f u e l s  o r  s p e c i a l  f u e l s ,  F u r t h e r  i n c r e a s e s  i n  
range i n  high-speed f l i g h t  w i l 1 , t h e r e f  ore,depend on new 
aerodynamic developments t h a t  w i l l  reduce t h e  a i r c r a f t  s k i n  
f r i c t i o n  and wave d rag  o r  upon t h e  s u c c e s s f u l  development 
of a nuclear-energy power p l a n t  w i t h  a s u f f i c i e n t l y  h igh  
va lue  of the weight parameter F/W, t o  make i t  u s e f u l  f o r  
high-speed propuls ion  
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Despi te  important  i n c r e a s e s  i n  aerodynamic e f f i c i e n c i e s  
f o r  a i r c r a f t  a t  t r a n s o n i c  and supersonic  speeds s i n c e  1948, 
n u c l e a r  power s t i l l  remains a s  t h e  "shining-hope' '  f o r  i n -  
c r e a s i n g  t h e  range of a i r c r a f t  a t  h igh  speeds and f o r  i n -  
c r e a s i n g  a i r c r a f t  ranges t o  va lues  unobta inable  w i t h  conven- 
t i o n a l  o r  s p e c i a l  chemical f u e l s ,  A long range bomber may 
c a r r y  as much o r  more than 100,000 pounds of f u e l .  A p i e c e  
of U-235 w i t h  t h e  same energy con ten t  would weigh o n l y  
0.05 pounds, 

The p o t e n t i a l i t y  of n u c l e a r  power f o r  long  range a t  
supersonic  speeds provides  t h e  key f o r  e s t a b l i s h i n g  t h e  
emphasis t o  be placed on t h i s  problem. To m y  mind, our 
s e c u r i t y  r e q u i r e s  t h a t  t h e  n u c l e a r  power a p p l i c a t i o n  t o  
t h e  a i r p l a n e  must be expedi ted  w i t h  a f e e l i n g  of r e a l  urgency 
and n e c e s s i t y .  

Committee d i s c u s s i o n s  of f e a s i b i l i t y  have now served 
t h e i r  purpose and augmented e f f o r t s  i n  t h e  a p p l i e d  s c i e n c e s  
and i n  eng inee r ing  should t ake  t h e i r  p l a c e .  F o r t u n a t e l y ,  
t h e  fundamental r e a c t o r  s c i e n c e s  are  s u f f i c i e n t l y  w e l l  
e s t a b l i s h e d  so  t h a t  e f f o r t s  i n  t h e  a p p l i e d  s c i e n c e  and 
eng inee r ing  f i e l d s  can be a p p l i e d  i n t e l l i g e n t l y ,  and e x p e r i -  
ence shows t h a t  t h e  r e s u l t s  ob ta ined  i n  a p p l i e d  r e s e a r c h  
and eng inee r ing  are  about p r o p o r t i o n a l  t o  t h e  e f f o r t  expended. 
The suppor t  of t h e  Atomic Energy Commission and t h e  m i l i t a r y  
s e r v i c e s  of programs i n  t h i s  a r e a  a s  has  been r epor t ed  i n  
t h e  press i s  indeed praise-worthy.  

Engine Cycles 

I w i l l  cont inue  by reviewing f o r  you some p o s s i b l e  engine  
c y c l e s .  T h i s  m a t e r i a l  has been presented  be fo re  by K a l l t i n s k y  
i n  h i s  note-worthy paper  s e v e r a l  yea r s  ago ( r e f e r e n c e  l), by 
Andertan i n  h i s  e x c e l l e n t  r e v i e w  i n  Avia t ion  Week ( r e f e r e n c e  211, 
and by o t h e r s .  

The nex t  f i g u r e  ( f i g u r e  2 )  shows a s i m p l e  power p l a n t  
f o r  a i r c r a f t  n u c l e a r  p ropu l s ion .  It i s  t h e  t u r b o j e t  engine 
w i t h  t h e  combustion chamber rep laced  by the  n u c l e a r  r e a c t o r .  
The a i r  e n t e r s  t h e  compressor, passes through t h e  r e a c t o r  where 
i t  i s  heated by f lowing over e lements  con ta in ing  uranium; 
i t  then  passes through a t u r b i n e  and i s  d ischarged  rearwardly  
through a d i scha rge  nozz le  t o  provide  t h r u s t .  The power 
genera ted  by passage of t h e  a i r  through the  t u r b i n e  d r i v e s  
t h e  compressor through t h e  shaft  which j o i n s  them. The a i r -  
plane i s ,  of course,  p rope l l ed  by the h i g h  v e l o c i t y  jet which 
d i scha rges  from the exhaust  nozz le  e 
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Air is a poor h e a t  t r a n s f e r  medium. Higher power 
g e n e r a t i o n  can be obta ined  by u s i n g  a l i q u i d  coo lan t  i n  t h e  
r e a c t o r  and t r a n s f e r r i n g  t h e  hea t  from t h i s  l i q u i d  t o  t h e  
a i r  i n  a h e a t  exchanger.  T h i s  i s  i l l u s t r a t e d  in f i g u r e  3. 
The powerplant i s  s i m i l a r  t o  t h e  one shown i n  t h e  p r e v i o u s  
f i g u r e  except  tha t  a secondary loop i s  shown i n  which a 
l i q u i d  i s  pumped through t h e  r e a c t o r  and then  through t h e  
h e a t  exchanger through which f lows t h e  a l r f r o m  t h e  com- 
p r e s s o r ,  T h i s  hea t  exchanger can have cons ide rab ly  more 
h e a t  t r a n s f e r  area than  i s  permissible i n  t h e  r e a c t o r  and 
hence can t r a n s f e r  more hea t  t o  the  a i r  than can t h e  
r e a c t o r  w i t h  d i r e c t  a i r  coo l ing .  Because the f l u i d  must 
remain l i q u i d  a t  t h e  h igh  tempera tures  involved ,  and because 
i t  must have a low cap tu re  c r o s s  s e c t i o n  f o r  neu t rons ,  only 
a small number of c o o l a n t s  a r e  s u i t a b l e .  These l i m i t a t i o n s  
have  led  t o  t h e  c o n s i d e r a t i o n  of such m a t e r i a l s  a s  molten 
sodium, lead  bismuth and o t h e r  unconvent ional  m a t e r i a l s  
as c o o l a n t s o  The d e t e r m i n a t i o n  of t h e  hea t  t r a n s f e r  d a t a  
on t h e s e  m a t e r i a l s  is one of t h e  c u r r e n t  f i e l d s  of r e s e a r c h  
a s s o c i a t e d  w i t h  t h e  development of t h e  n u c l e a r  powerplant 

A t h i r d  type  of n u c l e a r  powerplant is shown in f i g u r e  4. 
It  is a steam t u r b i n e  system, Water is pumped through a 
r e a c t o r  where it  p i c k s  up h e a t .  I t  i s  held a t  a very high 
p res su re  i n  order  n o t  t o  f l a s h  i n t o  steam w i t h i n  t h e  r e a c t o r .  
The water  than  flows i n t o  a t u r b i n e  where t h e  p r e s s u r e  i s  
reduced and i t  f l a s h e s  i n t o  steam which d r i v e s  t h e  t u r b i n e .  
The t u r b i n e  s u p p l i e s  power t o  t h e  p r o p e l l e r  s h a f t  and t o  
t h e  water  pump, The steam then  passes  from t h e  t u r b i n e  
t o  the  condenser and back t o  t h e  pump. The condenser i s  
cooled by an a i r  b l a s t  from t h e  p r o p e l l e r ,  The a i r  b l a s t  
from t h e  p r o p e l l e r  provides  the t h r u s t  f o r  t h e  a i r p l a n e ,  
For  s t a t i o n a r y  power gene ra t ion ,  t h e  p r o p e l l e r  can be r e -  
placed by an e l e c t r i c  g e n e r a t o r  and t h e  condenser can be 
cooled by water  taken from a convenient  r i v e r .  

S ince  i t  i s  of i n t e r e s t  t o  use n u c l e a r  propuls ion  t o  
i n c r e a s e  t h e  range performance of a i r c r a f t  p a r t i c u l a r l y  a t  
h i g h  speeds and a l t i t u d e s ,  r e s u l t s  of an elementary cyc le  
a n a l y s i s  w i l l  be shown t o  emphasize t h e  importance of cyc le  
temperature  

Low cyc le  e f f e c t i v e n e s s  i n  t h e  n u c l e a r  a i r p l a n e  does 
no t  r e f l e c t  i t s e l f  i n  a i r c r a f t  range a s  i s  convent iona l  f o r  
t h e  hydrocarbon-fueled a i r p l a n e .  If t h e  a i r p l a n e  w i l l  f l y  
and land a t  a l l ,  i t s  range w i l l  be more than  adequate .  
Rather ,  t h e  cyc le  c h a r a c t e r i s t i c  determines w h e t h e r  o r  n o t  
t h e  a i r p l a n e  w i l l  f l y  and how heavy i t  w i l l  be .  S ince  t h e  
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a i r p l a n e  weight de te rmines  t h e  economics of t h e  e n t i r e  program, 
i t  has been chosen a s  t h e  v a r i a b l e  t o  expres s  c y c l e  e f f e c t i v e -  
n e s s .  R e l a t i v e  weight i s  used because i t  does no t  r e v e a l  
weight va lues ,  and because i t  adequa te ly  (lemonstrates t h e  
po in t  of i n t e r e s t .  

For  t h e  a n a l y s i s ,  a l i q u i d  metal  c y c l e  was chosen 
s i m i l a r  t o  t h a t  shown i n  f i g u r e  3.  No r e a c t o r  assumptions 
a r e  needed s i n c e  t h e  changes i n  r e L a t i v e  a i r p l a n e  weight 
shown a r e  due only t o  the engine i n s t a l l a t i o n s  e x c l u s i v e  
of t h e  r e a c t o r  and s h i e l d .  The a n a l y s i s  i s , t h e r e f o r e , n o t  
conse rva t ive  and t h e  e f f e c t  shown w i l l  i n  each case  be 
accen tua ted  i f  a complete a n a l y s i s  i s  made. 

r e l a t i v e  a i r c r a f t  weight a t  a f i x e d  f l i g h t  speed ,  The i m -  
por tance  of high c y c l e  tempera tures  i s  c l e a r l y  i n d i c a t e d  
by t h e  approximately 50 pe rcen t  r educ t ion  i n  r e l a t i v e  a i r p l a n e  
weight  a t  50,000 fee t  a l t i t u d e  r e s u l t i n g  from i n c r e a s e s  i n  
c y c l e  tempera ture  from 1800a R t o  2400" R. F u r t h e r ,  t h e  
a t t a i n a b l e  a l t i t u d e  i s  h ighe r  a t  t h e  h i g h e r  temperature  
c y c l e s  e 

Firs t  i s  shown ( f i g u r e  5 ) ,  t he  e f f e c t  of a l t i t u d e  on t h e  

The e f f e c t s  of f l i g h t  Mach number on t h e  r e l a t i v e  weight 
a r e  shown i n  f i g u r e  6 f o r  t h e  2400° R cyc le  tempera ture .  Even 
a t  t h i s  t empera ture  a t  h igh  a l t i t u d e s ,  t h e  r e l a t i v e  a i r p l a n e  
w e i g h t  i n c r e a s e s  w i t h  Mach numbers a t  an u n d e s i r a b l y  h igh  
r a t e ,  Higher tempera tures  than  2400' R w i l l  no doubt be 
d e s i r a b l e  e 

The most d i f f i c u l t  s c i e n t i f i c  and eng inee r ing  problems 
t h a t  a r e  encountered i n  t h e  a i r c r a f t  n u c l e a r  f i e l d  o r i g i n a t e  
from t h e  h i g h  tempera tures  r e q u i r e d  i n  many of t h e  p ropu l s ion  
c y c l e s .  Some of t h e  m a t e r i a l  and hea t  t r a n s f e r  r e s e a r c h e s  
under way a t  t h e  Lewis Labora tory  w i l l  be used t o  i l l u s t r a t e  
t h e  problem f i e l d s ,  

M a t e r i a l s  

S t u d i e s  of m a t e r i a l s  f o r  t h e  n u c l e a r  p ropu l s ion  systems 
have s t i m u l a t e d  many i n t e r e s t i n g  and d i f f i c u l t  r e s e a r c h  
i n v e s t i g a t i o n s .  M a t e r i a l s  w i t h  s a t i s f a c t o r y  p h y s i c a l  
p r o p e r t i e s  a t  very  h i g h  tempera tures  a r e  r e q u i r e d  a s  was 
revea led  i n  t h e  fo rego ing  d i s c u s s i o n  of c y c l e  performance. 
The need f o r  low neut ron  c a p t u r e  c r o s s  s e c t i o n s  s e r i o u s l y  
limits t h e  choice  of r e a c t o r  m a t e r i a l s .  I n  s c r e e n i n g  the  
m a t e r i a l s  a v a i l a b l e  f o r  t h e  r e a c t o r  a f u r t h e r  requirement  
is compa tab i l i t y  between t h e  r e a c t o r  s t r u c t u r a l  m a t e r i a l  
and t h e  coo lan t s  so  t h a t  probJems of co r ros ion  and mass 
t r a n s f e r  a r e  avoided.  The d u c t i l i t y  of t h e  m a t e r i a l  is of 
g r e a t  concern because sudden changes i n  temperature  u s u a l l y  
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from rap id  i n s e r t i o n  of c o n t r o l  rods may cause f a i l u r e  from 
thermal shock i n  non-duc t i l e  m a t e r i a l s  The s t r o n g  s u s c e p t i -  
b i l i t y  of some m a t e r i a l s  t o  damage o r  change i n  p r o p e r t i e s  
a s  a r e s u l t  of n u c l e a r  r a d i a t i o n  e l i m i n a t e s  them from 
c o n s i d e r a t i o n ,  

H i g h  stresses such as are  encountered i n  t h e  r o t a t i n g  
t u r b i n e  blades of gas  t u r b i n e  engines  a r e  f o r t u n a t e l y  n o t  
a problem. The r e sea rches  t h a t  have been conducted on high- 
temperature  t u r b i n e  m a t e r i a l ,  however, have provided  a 
s t a r t i n g  po in t  f o r  t h e  i n v e s t i g a t i o n  of high-temperature  
r e a c t o r  m a t e r i a l s  and have c o n t r i b u t e d  immeasurably i n  the  
development of t h e  s t a f f  and l i t e r a t u r e  needed i n  t h e  newer 
f i e l d ,  Some r e s e a r c h e s  i n  p rogres s  a t  t h e  L e w i s  Labora tory  
on r e a c t o r  materials w i l l  be b r i e f l y  sketched i n  t h e  
fo l lowing  paragraphs 

A s  j u s t  mentioned, a s e r i o u s  problem encountered w i t h  
s t r u c t u r a l  materials and c o o l a n t s  for n u c l e a r  r e a c t o r s  i s  
t h e  occurrence of co r ros ion  and maqs t r a n s f e r .  I t  occurs  
t o  a varying degree w i t h  bo th  l i q u i d  metals and molten s a l t s .  
It  i s  c h a r a c t e r i z e d  by t h e  bui ld-up  i n  the  coo lan t  of 
products  of t he  r e a c t i o n  between t h e  coo lan t  and the con- 
t a i n i n g  or s t r u c t u r a l  material t o g e t h e r  w i t h  t h e  d e p o s i t i o n  
of c r y s t a l s  of c o n t a i n e r  metal  on t h e  c o o l e r  walls of t h e  
system. That is, t h e  coo lan t  d i s s o l v e s  m a t e r i a l  from hot  
r eg ions  of t h e  r e a c t o r  and d e p o s i t s  t h e  mater ia l  i n  cooler 
r eg ions  of t h e  c i r c u l a t i n g  system. Thus, i n  a d d i t i o n  t o  
weakening t h e  s t r u c t u r e ,  mass t r a n s f e r  may cause plugging 
of impor tan t  pas sages ,  The L e w i s  Labora tory  i s  c a r r y i n g  
out an i n v e s t i g a t i o n  i n  o r d e r  t o  ga in  an  unders tanding  of 
t h e  mass t r a n s f e r  phenomenon and t o  f i n d  a combination of 
coolan t  and c o n t a i n e r  m a t e r i a l  f o r  which t h e  e f f e c t  is small 
enough t o  e l i m i n a t e  i t  as  a l i m i t i n g  f a c t o r  i n  t h e  l i f e  of 
t h e  r e a c t o r .  

The experimental  program i s  d iv ided  i n t o  three p a r t s :  
(1) s t u d i e s  designed t o  determine t h e  mechanism of the  mass 
t r a n s f e r  process ;  ( 2 )  s t u d i e s  under s t a t i c  c o n d i t i o n s  t o  
determine t h e  r e l a t i v e  u s e f u l n e s s  of systems embodying 
improvements suggested by t h e  r e s u l t s  obtained I n  (1); and 
f i n a l l y  (3) by flow tes ts  of the most promising systems,  
The flow appara tus  is shown i n  f i g u r e  7. T h i s  appa ra tus  
permits independent v a r i a t i o n  of f l u i d  v e l o c i t y  and tempera- 
ture g r a d i e n t ,  

The co r ros ion  system c o n t a i n s  no o t h e r  meta l  except  
t h a t  under s tudy  and requires no pump, valve  o r  f lowmetere  
A combination of c ranksha f t  and pa ra l l e log ram type  r e s t r a i n -  
i n g  mechanism r e s u l t s  i n  motion of t h e  specimen mounting p l a t e  
such t h a t  any p o i n t  on i t s  s u r f a c e  desc r ibed  a c i r c l e  w i t h  
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r a d i u s  equal. t o  t h e  crank throw. Under these c i rcumstances ,  
t h e  f l u i d  i n  t h e  t o r o i d a l  specimen makes one c i r c u i t  of t h e  
t o r o i d  f o r  every  r e v o l u t i o n  of t h e  c r a n k s h a f t ,  

Many i n t e r e s t i n g  r e s u l t s  have been obta ined  i n  t h e  flow 
appara tus  and an impor tan t  conclus ion  i s  t h a t  s t a t i c  s t u d i e s  
of mass t r a n s f e r  and co r ros ion  may be mis leading  f o r  s t u d i e s  
of dynamic f lowing systems. 

Another impor tan t  problem i n  t h e  ope ra t ion  of n u c l e a r  
r e a c t o r s  i s  t h e  damage the  r a d i a t i o n  produces i n  matter,  
Thus, a t  t h e  very  high fluxes of neu t rons  and f i s s i o n  products  
r e s u l t i n g  when such a r e a c t o r  i s  run w i t h  a h i g h  power ou tpu t ,  
t h e  f u e l  e lements ,  s t r u c t u r a l  components, and c o n t r o l  equip-  
ment can a l l  undergo very s e r i o u s  changes i n  mechanical (and 
o t h e r )  p r o p e r t i e s ,  I n  o rde r  t o  p r e d i c t  such e f f e c t s  and 
choose and prepare t h e  m a t e r i a l s  employed, i t  i s  impor tan t  
t o  understand t h e  cause of these changes.  I n  metals, a t  
l e a s t ,  the  changes a r e  known t o  r e s u l t  mainly from c o l l i s i o n s  
between heavy charged p a r t i c l e s  and t h e  atoms of t h e  meta l  
which d i s l o d g e  t h e  l a t t e r  atoms from t h e i r  normal p o s i t i o n s .  
Such c o l l i s i o n s  occur w i t h  a p p r e c i a b l e  f requency only when 
t h e  p a r t i c l e s  a r e  moving r e l a t i v e l y  s lowly.  Therefore ,  i t  
i s  impor tan t  t o  s tudy  t h e  behavior  of heavy charged p a r t i c l e s  
w i t h  Pow e n e r g i e s  as  they  slow down. 

Rad ia t ion  damage measurement i n  r e a c t o r s ,  c y c l o t r o n s ,  and 
o t h e r  p a r t i c l e  a c c e l e r a t o r s  a re  i n  p rogres s  i n  many r e s e a r c h  
e s t a b l i s h m e n t s o  F o r t u n a t e l y ,  t h e  c o l l i s i o n s  occur  i n  almost 
the  same way i n  a gas  as i n  a metal, s inceeven  f o r  slow 
charged pa r t : t c l e s  t h e  b ind ing  between t h e  atoms of t h e  metal 
i s  small compared t o  t he  energy of the p a r t i c l e ,  Therefore ,  
i t  i s  p o s s i b l e  t o  ob ta in  t h e  in format ion  needed t o  understand 
c o l l i s i o n s  i n  a s o l i d  by c a r r y i n g  out  an i n v e s t i g a t i o n  of 
c o l l i s i o n s  occurr ing  i n  a gas,  The use  of t h e  gas h a s  some 
advantages because i t  i n c r e a s e s  manyfold the  s h o r t  pa th  l e n g t h  
of t h e  charged p a r t i c l e s  e s p e c i a l l y  i f  t h e  l i g h t e s t  gas, namely 
hydrogen, i s  used a t  reduced p r e s s u r e s ,  Furthermore,  p rocesses  
occur r ing  i n  a gas can be s t u d i e d  w i t h  t h e  a i d  of a cloud 
chamber i n  which t h e  pa ths  of i n d i v i d u a l  p a r t i c l e s  a r e  made 
v i s i b l e  s o  t h a t  c o l l i s i o n s  may be observed d i r e c t l y ,  It i s  
necessa ry  i n  c a r r y i n g  out  such i n v e s t i g a t i o n s  t o  use par t ic les  
of known energy,  We have slowed down p a r t i c l e s  from a n a t u r a l  
r a d i o a c t i v e  emi t te r  and s e l e c t e d  t h o s e  of t h e  des i r ed  enerey  
w i t h  a magnetic a n a l y z e r  which admits them t h r o u  h a t h i n  
nylon f o i l  t o  t h e  chamber. 
chamber w i t h  t h e  a n a l y z e r  and a s s o c i a t e d  equipment, 

The p i c t u r e  ( f i g u r e  8 ) ,  shows t h e  
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We have been c a r r y i n g  out s t u d i e s  of t h e  t r a c k s  of low 
energy a lpha  p a r t i c l e s  (charged helium atoms) i n  t h i s  cloud 
chamber. I n  t h i s  work w e  have been measuring t h e  l e n g t h s  of 
t h e  t r a c k s  and t h e  e x t e n t  t o  which t h e y  d e v i a t e  from s t r a i g h t  
l i n e s .  The l eng th ,  of course,  i s  an i n d i c a t i o n  of t h e  r a t e  
a t  which t h e  p a r t i c l e s  l o s e  energy ,  By ana lyz ing  t h e  d i s t r i -  
bu t ions  of t h e  l e n g t h s  of t r a c k s  of p a r t i c l e s  of a g iven  
energy, w e  can o b t a i n  an e s t i m a t e  of t h e  amount of t h e  energy 
t h a t  i s  l o s t  i n  c o l l i s i o n s  of the  type l e a d i n g  t o  r a d i a t i o n  
damage. The d e v i a t i o n  of  t h e  t r a c k s  from a s t r a i g h t  l i n e  i s  
a f a i r l y  d i r e c t  measure of t h e  e x t e n t  t o  which t h e  c o l l i s i o n s  
of i n t e r e s t  occur because t h e  a lpha  p a r t i c l e s  i n  l o s i n g  energy 
through such c o l l i s i o n s  a r e  much more d e f l e c t e d  than  when 
l o s i n g  e n e r g i e s  i n  o t h e r  f a s h i o n s ,  The r e s u l t s  show t h a t  
these c o l l i s i o n s  a r e  indeed very  f r equen t  a t  low e n e r g i e s ,  
I n  a d d i t i o n ,  a l l  these r e s u l t s  a re  of  importance i n  n u c l e a r  
phys ics  g e n e r a l l y ,  

Thermodynamic data enable  one t o  p r e d i c t  t h e  behavior  
and u s e f u l n e s s  of m a t e r i a l s  a t  h igh  t empera tu reso  R e f r a c t o r y  
m a t e r i a l s  such as i n t e r m e t a l l i c s  which look  promising f o r  
use under cond i t ions  of h igh  tempera ture  and r a d i a t i o n  f l u x  
t o  be encountered i n  power r e a c t o r s  a r e  r e l a t i v e l y  new, and 
thermodynamic d a t a  f o r  them are  almost completely l ack ing .  
The f i g u r e  9 i l l u s t r a t e s  an appa ra tus  used f o r  t h e  determina-  
t i o n  of vapor p r e s s u r e s  a t  h i g h  tempera ture .  From t h e  vapor 
p re s su re  v a r i a t i o n  w i t h  tempera ture ,  can be computed s e v e r a l  
of t h e  thermodynamic c o n s t a n t s  of i n t e r e s t .  

The vapor  p r e s s u r e  de t e rmina t ion  invo lves  t h e  measurement; 
of t h e  r a t e  of l o s s  of weight of a specimen, The  specimen i s  
induc t ion  heated wi th  a dev ice  which permi ts  c l o s e  c o n t r o l  of 
tempera ture  

Another area i n  which vapor p r e s s u r e  s t u d i e s  a r e  u s e f u l  
i s  i n  s t u d y  of the types  of chemical b ind ing  i n  a l l o y s ,  T h i s  
i s  an  important  problem i n  t h e  development of i n t e r m e t a l l i c  
compounds and cermets f o r  high tempera ture  t u r b i n e  b l ades  

- Heat T r a n s f e r  

A p r i n c i p a l  l i m i t a t i o n  on t h e  power l e v e l  of a r e a c t o r  i s  
t h e  amount o f  heat which can be removed from i t ,  Among t h e  
bes t  mediums f o r  withdrawing h e a t  from a r e a c t o r  a re  l i q u i d  
m e t a l s ,  T h i s  i s  because l i q u i d  me ta l s  have h i g h  thermal  con- 
d u c t i v i t i e s ,  are l i q u i d  over  wide ranges of tempera ture ,  and 
are  no t  s u b j e c t  t o  decomposition under r a d i a t i o n ,  Because 
of t h e i r  high thermal  c o n d u c t i v i t i e s ,  however, t h e  convec t ive  
h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  of l i q u i d  me ta l s  a r e  not  p r e d i c t -  
a b l e  from t h e  fami l ia r  r e l a t i o n s h i p s  which apply t o  gases  and 
t o  l i q u i d s  of lower c o n d u c t i v i t y .  C e r t a i n  t h e o r e t i c a l  r e l a t i o n -  
s h i p s  were proposed f o r  l i q u i d  meta l  heat t r a n s f e r  b u t ,  a t  t h e  
t i m e ,  t h e  experimental  evidence was meager and c o n t r a d i c t o r y .  
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As a consequence of t h e  above c o n s i d e r a t i o n s ,  t h e  NACA 
Lewis  Laboratory has  cons t ruc t ed  and operated an e x p e r i -  
mental  a p p a r a t u s  f o r  t he  de t e rmina t ion  of t h e  h e a t  t r a n s f e r  
c h a r a c t e r i s t i c s  of lead-bismuth e u t e c t i c .  Lead-bismuth 
e u t e c t i c  i s  a l i q u i d  metal of i n t e r e s t  because of i t s  low 
me l t ing  p o i n t ,  low a b s o r p t i o n  c r o s s  s e c t i o n  f o r  thermal  
neu t rons ,  and non-f lammabil i ty ,  A p i c t u r e  of t h e  l e a d -  
bismuth heat t r a n s f e r  r i g  i s  shown i n  f i g u r e  10 .  Lead- 

i s  t h e n  pumped through the  t e s t  and h e a t i n g  s e c t i o n  I”’ E and and F ) ,  
bismuth flows from t h e  s t o r a g e  t a n k  (A) t o  t h e  pump 

a water c o o l e r  ( G ) ,  a r e g u l a t i n g  va lve  ( H ) ,  a flow-measuring 
t ank  ( I ) ,  and back i n t o  t h e  s t o r a g e  t ank .  A l s o  seen i n  t h e  
p i c t u r e  a re  t h e  pump motor ( C )  and v a r i a b l e  speed d r i v e  ( D ) ,  
t h e  t ransformer  ( K )  which s u p p l i e s  e l e c t r i c  power t o  hea t  
t h e  lead-bismuth, and t h e  thermocouple-cold- junct ion box ( J )  

The t e s t  and h e a t i n g  s e c t i o n  c o n s i s t s  e s s e n t i a l l y  of one 
s t a i n l e s s  s t ee l  tube  suspended w i t h i n  a n o t h e r .  The  s e c t i o n  i s  
mounted v e r t i c a l l y  and l f q u f d  metal f lows upward i n  t h e  i n n e r  
tube  and downward in t h e  annu la r  passa e between t h e  i n n e r  
and o u t e r  t u b e s .  
heated by pass ing  an e l e c t r i c  c u r r e n t  through i t ,  Therefore ,  
i n  t h e  lower p o r t i o n  ( E ) ,  which i s  t h e  t e s t  s e c t i o n  proper ,  
t h e  l i q u i d  metal i s  a t  a h igher  temperature  i n  t h e  annulus  
than  i n  t h e  c e n t e r  t ube ,  and heat i s  t r a n s f e r r e d  from t h e  
l i q u i d  metal i n  t h e  annulus  t o  t h a t  i n  t h e  c e n t e r  t ube .  
Mixing chambers were provided a t  each end of t h e  t e s t  s e c t i o n  
f o r  both t h e  i n n e r  and o u t e r  passages f o r  t h e  measurement of 
bu lk  temperatures 

The uppe r  p o r t i o n  (F ‘5 of t h e  s e c t i o n  i s  

The r e s u l t s  of t h e  i n v e s t i g a t i o n  i n d i c a t e d  t h a t  heat 
t r a n s f e r  c o e f f i c i e n t s  for lead-bismuth e u t e c t i c  were 60 t o  
70 percent  of t h e  va lues  p r e d i c t e d  by t h e  t h e o r e t i c a l  r e l a t i o n -  
s h i p s  proposed f o r  l i q u i d  metals, Experiments of e a r l i e r  and 
l a t e r  i n v e s t i g a t o r s ,  u s ing  lead-bismuth e u t e c t i c ,  sodium- 
potassium mi.xtures, and mercury, g ive  h e a t  t r a n s f e r  c o e f f i c i e n t s  
ranging from 20 t o  P O 0  pe rcen t  of t h e  va lues  p r e d i c t e d  by t h e  
proposed t h e o r e t i c a l  r e l a t i o n s h i p ,  The spread i n  exper imenta l  
data i s  unexplained a t  p re sen t  and t h e  p r e c i s e  va lues  of l i q u i d  
metal heat t r a n s f e r  c o e f f i c i e n t s  a r e  s t i l l  i n  doubt .  

The good moderating properties of water and t h e  p o s s i b i l i t y  
of freedom from cor ros ion  i n v i t e  t h e  c o n s i d e r a t i o n  of water  
as  a r e a c t o r  coo l ing  medium, The tempera tures  encountered 
i n  a n u c l e a r  r e a c t o r ,  however, r e q u i r e  t h e  water t o  be under 
high p r e s s u r e  where very l i t t l e  heat t r a n s f e r  in format ion  i s  
ava i l ab leo  



-9- 

Shown i n  f i g u r e  11 i s  a photograph of t h e  a p p a r a t u s  used 
t o  measure heat t r a n s f e r  c o e f f i c i e n t s  from meta l  t o  h igh  pres -  
s u r e  water,  The appa ra tus  i s  a c losed  loop  c o n s i s t i n g  of an  
e l e c t r i c a l l y  hea ted  t e s t  s e c t i o n ,  a h e a t  exchanger t o  remove 
t h e  heat ,  a c i r c u l a t i n g  pump, and flow meters t o  measure t h e  
flow. The  system i s  designed f o r  p r e s s u r e s  up t o  5000 p s i  
and tempera tures  up t o  1000" F .  The system i s  p r e s s u r i z e d  
mainly by the  expansion of the  water when t h e  loop  i s  brought 
up t o  tempera ture .  

The t e s t  s e c t i o n  used i s  shown i n  t he  nex t  photograph 
( f i g u r e  121, An i ncone l  tube  25  inches  long w i t h  an i n s i d e  
d iameter  of 1/2 inch  i s  e l e c t r i c a l l y  i n s u l a t e d  from t h e  r e s t  
of t h e  loop.  Heat i s  genera ted  i n  t h e  tube  w a l l s  by an 
a l t e r n a t i n g  c u r r e n t  c o n t r o l l e d  by a s a t u r a b l e  r e a c t o r .  The 
e l e c t r i c a l  h e a t i n g  equipment i s  designed f o r  100 KW a t  25 
v o l t s  and 4000 amperes, Tube w a l l  temperatures a re  measured 
w i t h  chrome1 -alumel thermocouples spot-welded t o  t h e  o u t e r  
s u r f a c e  of t h e  tube .  The same equipment i s  in tended  t o  
f u r n i s h  d a t a  under b o i l i n g  cond i t ions  

Because of t h e  p o t e n t i a l  u s e f u l n e s s  of molten s a l t s  as  
a high-temperature  hea t  t r a n s f e r  media, molten sodium hydr- 
oxide heat t r a n s f e r  c h a r a c t e r i s t i c s  were i n v e s t i g a t e d  i n  
appa ra tus  shown i n  t h e  nex;  f i g u r e  (13) Heat ing d a t a  were 
obta ined  i n  a 1/4 i nch  e l e c t r i c a l l y  hea ted  i n c o n e l  tube  f o r  
a range of Reynolds number from 5300 t o  29,000, corresponding 
t o  v e l o c i t i e s  from 3.8 t o  15.4 f e e t  pe r  second, average s u r -  
f a c e  tempera tures  from 730" t o  970"F, average f l u i d  tempera- 
t u r e s  from 710" t o  920°F, and h e a t - f l u x  d e n s i t i e s  up t o  
226,000 Btu  p e r  hour per  square  f o o t .  

Cooling data were t aken  concur ren t ly  w i t h  t he  h e a t i n g  
data,  w i t h  sodium hydroxide f lowing through t h e  c e n t e r  passage 
of a s ing le - tube ,  i ncone l ,  counter-f low,  sodium hydroxfde-to- 
a i r  h e a t  exchanger.  Data were obta ined  f o r  a range of Reynolds 
number from 6500 t o  30,000, corresponding t o  v e l o c i t i e s  from 
5.9 t o  15.4 f ee t  pe r  second, average s u r f a c e  tempera tures  
from 710 t o  915*F, average f l u i d  tempera tures  from 725" t o  
940"F, and h e a t - f l u x  d e n s i t i e s  up t o  120,000 Btu  p e r  hour p e r  
square  f o o t  LI 

The f i g u r e  shows an o v e r - a l l  view of t h e  t es t  s e t u p .  
Sodium hydroxide i s  c i r c u l a t e d  by a submerged c e n t r i f u g a l  
pump, through t h e  h e a t i n g  t e s t  s e c t i o n ,  coo l ing  t es t  s e c t i o n ,  
heat exchanger, and volume measuring t a n k .  From t h e  volume 
measuring t a n k  t h e  molten sodium hydroxide r e t u r n s  t o  t h e  
sump t a n k ,  The h e a t  exchanger was used t o  main ta in  a cons tan t  
i n l e t  temperature  t o  the h e a t i n g  t e s t  s e c t i o n ,  s i n c e  a t  a 
h i g h  ra te  of heat i n p u t  t o  t h e  h e a t i n g  t e s t  s e c t i o n ,  t h e  
cool ing  t e s t  s e c t i o n  was inadequate  t o  remove t h i s  h e a t .  The 
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volume measuring t a n k  was used t o  c a l c u l a t e  t h e  weight-flow 
r a t e  of t h e  molten sodium hydroxide,  

I n  n u c l e a r  powered a i r c r a f t  c y c l e s ,  h e a t  exchangers 
must possess  t h e  fo l lowing  c h a r a c t e r i s t i c s :  small volume 
f l i g h t  weight,  high hea t  t r a n s f e r  per u n i t  volume, l o w  a i r  
p re s su re  drop,  h i g h  o p e r a t i n g  temperature ,  and s e v e r a l  o t h e r  
c h a r a c t e r i s t i c s  no t  found i n  c u r r e n t l y  a v a i l a b l e  hea t  ex- 
changers .  I n  view of t h i s ,  t h e  L e w i s  Laboratory has  con- 
s t r u c t e d  a f a c i l i t y  f o r  e v a l u a t i n g  t h e  erformance of l i q u i d  
metal t o  a i r  hea t  exchangers ( f i g u r e  14 P 

I n  t h i s  f a c i l i t y ,  l i q u i d  sodium i s  e l e c t r i c a l l y  h e a t e d  
t o  approximately 1500*F and c i r c u l a t e d  through the  h e a t  
exchanger by means of a v a r i a b l e  speed c e n t r i f u g a l  pump. 
The f a c i l i t y  i s  designed t o  have an i n p u t  power of 500 
k i l o w a t t s ,  a sodium flow r a t e  of 50 GPM, and a i r  flow ra te  
of f o u r  pounds p e r  second. 

Types of heat exchangers  c u r r e n t l y  under c o n s i d e r a t i o n  
are: ( a )  s h e l l  and tube  w i t h  t h e  l i q u i d  meta l  a s  t h e  s h e l l  
f l u i d ;  and (b )  f inned  tube  w i t h  the  l i q u i d  metal  as  t h e  tube  
f l u i d ,  Both of these heat exchangers  a r e  of t h e  counter-f low 
type 0 

F o r  comparison of h e a t - t r a n s f e r  performance f o r  va r ious  
working f l u i d a  a p l o t  was made ( f i g u r e  15) of Nusse l t  number 
times thermal  conduc t iv i ty ,  (m)  K ,  R e  no lds  number, (E), 
The McAdams equa t ion ,  Nu = 0 . 5  ( R e ) o o g  Pr0.4, was used t o  
determine t h e  h e a t - t r a n s f e r  c o e f f i c i e n t  f o r  a i r ,  helium, water,  
and sodium hydroxide H e a t - t r a n s f e r  c o e f f i c i e n t s  f o r  l i t h i u m ,  
sodium and lead-bismuth were determined fro ' t he  e u a t i o n  
de r ived  by R . N o  Lyon, Nu = 7.0 + 0 , 2 5  ( R e ) * '  ( P r ) . '  
p r o p e r t i e s  f o r  a l l  media except  sodium hydroxide were taken  
a t  400' F, the  l a t t e r  was taken  a t  700" F. 

The 

Liquid meta ls  o f f e r  a n  advantage over t h e  o t h e r  h e a t -  
t r a n s f e r  media when h igh  h e a t - t r a n s f e r  c o e f f i c i e n t s  a r e  
r equ i r ed  and when high tempera ture  must be used.  They b r i n g  
w i t h  these advantages t h e  problem of p o s s i b l e  g r e a t e r  expense 
and t h e  problem of unique hand l ing ,  

The gases i n  g e n e r a l  cannot compete w i t h  l i q u i d  meta ls  
from t h e  s t andpo in t  of h e a t - t r a n s f e r  c o e f f i c i e n t ,  and n e i t h e r  
can organic  compounds wi thout  a change of phase ( b o i l i n g  o r  
condensing) ,  The l a t t e r  a r e  l i m i t e d  i n  t h e i r  tempera ture  
range by chemical decomposition The p r i n c i p a l  compet i tor  
w i t h  l i q u i d  me ta l s  from t h e  s t andpo in t  of high h e a t - t r a n s f e r  
c o e f f i c i e n t  1 s  water, however, i t s  a p p l i c a t i o n  i s  l imi t ed  
by high p res su re  
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No r i g i d  r u l e  can be made t o  de te rmine  which media i s  
preferred f o r  a p a r t i c u l a r  system, bu t  a complete a n a l y s i s  
of the  system, t a k i n g  i n t o  account  a l l  of t h e  p h y s i c a l  
p r o p e r t i e s  of each hea t  t r a n s f e r  media, i s  r e q u i r e d  b e f o r e  
a choice  can be made. 

Concluding Remarks 

of n u c l e a r  propuls ion  systems, I have f a i l e d  t o  mention t h e  
r e a c t o r  s h i e l d  which more than  any o t h e r  component of t h e  
system de termines  t h e  a i r c r a f t  weight .  Another impor tan t  
omission i s  i n  t h e  f i e l d  of r e a c t o r  a n a l y s i s  where much 
o r i g i n a l  and development work y e t  remains t o  be accomplished. 
These  and o t h e r  impor tan t  omissions were n e c e s s a r y  t o  l i m i t  
t h e  t i m e  of p r e s e n t a t i o n .  

I n  t h i s  br ief  and ske tchy  o u t l i n e  of a f e w  of t h e  problems 

Many o r g a n i z a t i o n s  a r e  coope ra t ing  t o  o b t a i n  t h e  v i t a l  
i n fo rma t ion  needed f o r  t h e  a i r c r a f t  n u c l e a r  powerplant .  I 
b e l i e v e  the problems should be a t t a c k e d  w i t h  a f e e l i n g  of 
urgency,  A l . 1  who p a r t i c i p a t e  are p ionee r s  i n  i n i t i a t i n g  t h e  
Atomic Power Age and w e  a r e  f o r t u n a t e  t o  be a b l e  t o  t a k e  a 
pa r t  e 
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